Introduction Broad Characteristics of the Indonesian Economy
Indonesia is a Southeast Asian archipelago consisting of some 17,500 equatorial islands (6,000 of which are inhabited) stretching in an east-west direction over 5,000 kilometers. It has a land area of 1.83 million square kilometers; in 2000 this supported a population of 203.5 million (the fourth largest in the world), which is growing at about 1.4 percent per annum. While the overall population density is about 111 persons per square kilometer, 59 percent of the population lives on the island of Java, which has a population density of 944 persons per square kilometer. The overall ratio of urban to rural population was about 40:60 in 1999 (22:78 in 1980) . The Asian financial crisis that began in 1997 affected Indonesia severely: its economy shrank by around 15 percent between 1997 and 1998. Since then, modest growth has resumed, but at substantially lower growth rates than those recorded in the decades prior to the crisis. The global rankings published in the World Development Report for 1999 (World Bank 2001 placed Indonesia 143rd of 206 economies in terms of real gross national product (GNP) per capita.
The extent of structural changes in the Indonesian economy between 1965 and 2003 is shown in Table 4 .1. The population doubled. Real GDP increased by about 900 percent and real per capita income by about 440 percent. Large changes have occurred in the sectoral shares of GDP, with agriculture's share declining from nearly 60 percent to only 17 percent, accompanied by significant increases in the shares of the services sector (now the dominant sector, with a 40 percent share in 2003), manufacturing (25 percent), and mining, oil, and gas (19 percent). Similar trends have occurred in sectoral employment shares, with agriculture's share declining from nearly 70 percent to 46 percent. The intensity of international trade has increased, with the share of exports in GDP growing from 5.5 percent in 1965 to 26 percent in 2003, and imports as a percentage of GDP growing from 5.4 percent in 1965 to 25.7 percent in 2003. Broad trends in the agricultural economy from the early 1960s to the early 2000s are shown in Table 4 .2. Real agricultural GDP has increased; food-crop production dominates the sector, accounting for half of the total. However, the relative importance of crop production (and of food crops in particular) has declined, and the relative importance of livestock, forestry, and fisheries production has increased. Indonesia possesses the world's second largest area of tropical forest (after Brazil) and among the largest saltwater and coastal fishing grounds.
Rice production dominates the food-crop sector, and production increased fourfold between the early 1960s and the early 2000s, mainly as a result of yield increases. The increased use of modern varieties and fertilizer has been important in securing higher yields. Rice remains the staple food and is of great political importance. After rice, cassava is the next most important food crop, closely followed by maize. Nonfood "estate" crops, such as rubber, oil palm, sugarcane, and cacao, are 66 FUGLIE AND PIGGOTT becoming an increasingly important component of Indonesia's agricultural sector. 1 Livestock production is also growing rapidly in response to the rising demand for animal protein, commensurate with rising per capita incomes. Although little new land is available for cropping on Java, there has been a steady increase in the area of land cropped on other islands. Total agricultural cropland (including land in perennial or estate crops) grew from 17.6 million hectares in the early 1960s to 37.4 million hectares by 2002. According to the Indonesian agricultural census (done every ten years since 1963), the number of farm households steadily increased nationwide between 1963 and 2003. The agricultural census also reports landholdings by farm households (these estimates mainly refer to annual cropland and exclude land in perennial crops, even though smallholders are major producers of most estate crops). According to census figures, the average farm size has been decreasing, to about 0.4 hectares per household in Java and 1.3 hectares per household outside Java.
Spending for agricultural research was very low in the 1970s, but real spending per farm and per capita had doubled by the 1980s. Nevertheless, Indonesia ranks near the bottom among Asian countries in agricultural research spending relative to agricultural GDP (Pardey, Roseboom, and Fan 1998) .
The Indonesian Agriculture Success Story
Much has been written about Indonesia's success in raising agricultural production, particularly rice, over the past three decades. Indonesia went from being the world's largest rice importer in the mid-1960s to becoming nearly self-sufficient by the mid-1980s (Jatileksono 1987) . But agricultural growth in Indonesia has not been limited to rice. Since Indonesia adopted a more outward orientation in 1985, its exports of agricultural commodities have grown substantially. Agricultural exports as a share of agricultural GDP increased from 16 percent in 1985 to nearly 30 percent a decade later (Erwidodo 1999) . By the mid-1990s, Indonesia emerged as the world's second largest exporter of rubber and oil palm and the third largest exporter of cacao and coffee. The value of shrimp exports also grew dramatically over this period, surpassing everything but rubber as an agricultural export earner. Imports of agricultural products grew at an even more rapid rate (Erwidodo 1999) . Table 4 .3 elaborates on some of the data provided in Table 4 .2, tracing the major changes in agricultural production and input use in Indonesia between 1961 and 2000. 2 Quantities produced are shown in million metric tons of "rice equivalents" in value terms, meaning that commodity prices are normalized on the price of rice in a given year. The average growth in agricultural production over this period was 2.9 percent per annum, with total output rising from 50.5 million metric tons per year in the early 1960s to 137.1 million metric tons per year by the 68 FUGLIE AND PIGGOTT early 1990s. Rice production itself grew by nearly 4 percent per annum. Average annual growth rates for animal and fish products also exceeded 4 percent during these four decades.
In Table 4 .3 we also show the performance of Indonesia's agriculture during three periods: 1961-67, a period of political and economic instability in Indonesia; 1968-91, when agricultural output and productivity grew rapidly); and 1993-2000, when agricultural productivity growth appeared to stagnate. During the first period, agricultural output grew by only 0.7 percent per year, but this growth was mostly resource-based and correlated closely with the increase in agricultural land and labor. Productivity growth played a major role in accelerating agricultural growth, which increased by more than 4 percent per annum during the second period. The third period includes the Asian financial crisis that began in 1997. The El Niño phenomenon also caused a significant drought in 1997-98, which caused crop production to fall. Overall growth in agricultural output since 1993 has averaged about 1 percent per year, roughly matching the rate of growth in agricultural resource use, a pattern which suggests that there was once again little or no improvement in overall agricultural productivity. Further, although the Asian financial crisis and El Niño had strong negative effects on the Indonesian agriculture sector, a slowdown in agricultural productivity growth is evident even before these events.
The intensification of agricultural growth between 1968 and 1992 was broadbased, affecting not only food-crop production but also horticulture, estate crops, and livestock production. Between 1968 and 1992, when productivity growth accelerated, annual growth rates in production exceeded 4 percent for rice, maize, nonfood crops, animal products, and fish products. During these years, yield improvements from Green Revolution technologies (especially new varieties and fertilizers) were particularly important in rice and, to a lesser degree, in maize and other crops. From 1993 to 2000 agricultural production growth fell to 1.0 percent per year. The animal subsector, which relies heavily on imported feed, was particularly hard hit by the Asian financial crisis and the resultant devaluation of the rupiah.
Much of the growth in production that occurred between 1961 and 2000 can be accounted for by increases in conventional inputs, such as cropland, labor, and fertilizers. However, for long-term sustainability of growth in agriculture, productivity gains are more important. In Table 4 .4 we show estimates of a total factor productivity (TFP) index developed by Fuglie (2004) . This index shows that TFP grew by about 0.77 percent per annum in the early 1960s but then increased to 2.56 percent per annum between 1968 and 1992. The drop in TFP between 1993 and 2000 reflects a number of factors, including a drought-induced decline in crop production, an economic recession, fewer workers exiting agriculture, and expansion of cropland into more marginal areas. It appears that once the initial gains of
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the Green Revolution were exhausted, public and private investment in agriculture were not sufficient to sustain the supply of new technology to the sector. Table 4 .4 also shows changes in some indicators of food security (food and rice output per capita) and partial productivity (output per worker and output per unit of cropland). Indonesia's success in enhancing food security is illustrated by the impressive growth in per capita food production (an average of 2.54 percent per annum from 1961 to 2000). Per capita food production has fallen since 1993, however. Within the agricultural sector, output per worker grew by nearly 2 percent, and output per unit of cropland increased by 1.45 percent per year from 1961 to 2000. Cropland per worker employed in agriculture continued to expand throughout the 1970s, 1980s, and 1990s, with virtually all the expansion occurring outside Java.
The acceleration of growth in TFP from the 1970s corresponds to the period in which investment in agricultural research in Indonesia was substantially increased. But a number of other factors also contributed to the increase: investments in irrigation, improvements in the quality of the agricultural labor force (through rural education), agricultural price policies, government-led food-crop "intensification" programs, and trade and investment liberalization (Jatileksono 1996; van der Eng 1996; Erwidodo 1999) . Between 1970 and 2003, government development expenditures for agriculture first increased and then declined relative to agricultural GDP (Table 4 .5). 3 Government expenditures for agriculture also declined as a share of total development expenditures, especially after 1989. Expenditures on fertilizer subsidies accounted for a large share of public expenditures for agriculture throughout much of this period, although the fertilizer subsidy was eliminated after 1999. These national averages above mask important regional differences, especially between land-scarce Java and relatively land-abundant islands like Sumatra, Kalimantan, and Sulawesi. Differences in regional agricultural productivity changes are discussed in Booth 1988 and van der Eng 1996 . This is an important topic for future research on agricultural productivity in Indonesia.
Estimates of productivity growth in Indonesian agriculture are limited because the environmental costs of agricultural development have not been taken into account. Growth in agricultural land area, forest, and fish production have come at some cost to environmental resources, including land degradation, loss of forest habitat, and a decline in water quality, none of which have so far been incorporated into agricultural productivity measurements for Indonesia.
Reality Check: The 1997-98 Crisis
Events since 1997 have afforded a somber reminder of Indonesia's vulnerable foodsecurity situation. A combination of drought, forest fires, the Asian financial crisis, and political upheaval adversely affected the production and distribution of food crops (especially rice) and animal products and exposed large segments of the population to food insecurity. Rice imports reached an all-time high of 4 million metric tons in 1998, more than double the peak level in the 1960s (Kasryno, Nataatmadja, and Rachman 1999) . Stringer (1999, pp. 169-70) describes the combination of adverse events and their consequences as follows: Indonesia's current socioeconomic crisis has dramatically reversed decades of rapid economic growth, steady progress in poverty reduction, and substantial improvements in food security. Before the crisis began in August, 1997, Indonesia was frequently cited as one of the highest performing Asian economies with per capita GDP growth in the top 10 percent of all developing countries. Since the crisis however, the rupiah's value has dropped precipitously, inflation has soared and GDP has fallen an estimated 14 percent in 1998 (World Bank 1998). The country's poor and those facing food insecurity are especially vulnerable to the falling incomes, increasing food prices, decreases in real wages and rising unemployment and underemployment brought on by these crisis induced events.
Indonesia's capacity to address the crisis has been greatly complicated by forest fires, drought, floods and a sharp decline in crude oil prices. . . . Estimates of the economic damage to Indonesia's logging and timber industries, (excluding environmental and health costs) are set at more than U.S.$900 million (Tay 1998). . . .
A prolonged drought throughout 1997/98 reduced export crop production and, more importantly for the country's food security objectives, contributed to a large drop in paddy production. Initial estimates suggest
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that the 1998 paddy crop is nearly 10 percent below the 1996 production level (FAO 1998; CBS 1999) . . . . Around one-third of the country's population spends 70 percent or more of their total expenditures on food (SUSENAS 1996) . Thus, the collapsing demand, rising unemployment, falling food production, increasing food prices and rapidly expanding numbers of malnourished stress the fundamental role agriculture must play in revitalizing the economy.
The crises during the late 1990s led to major changes in agricultural policy in Indonesia. Most important was the reduction in barriers to agricultural trade, including reduction or elimination of tariffs and the elimination of the import monopoly of BULOG (the state trading agency) on major food items such as rice, wheat, and soybeans. Another important result of the crises was that budget austerity measures reduced public spending on agriculture. The long-standing fertilizer subsidy was discontinued in 1999. Funding for agricultural research and extension was also reduced in real terms.
Not all effects of the Asian financial crisis were deleterious for Indonesian agriculture. The resulting devaluation of the rupiah led to a general improvement in the farm-nonfarm terms of trade, as prices of tradable commodities rose faster than prices of nontradable goods and services. Cacao producers in Sulawesi, for example, experienced a windfall as prices in rupiah rose fivefold in a matter of months (Ruf and Cerad-Tera 1999) . With the end of the 1997-98 drought, agricultural production in Indonesia recovered in 1999 and 2000. In fact, the value of agriculture to the wider economy was demonstrated by its ability to absorb nonfarm labor displaced by the economic crisis. As a result, unemployment and poverty rates did not increase as much as predicted in some early projections (Manning 2000) .
Various policymakers have highlighted the need for an increased agricultural R&D effort to improve Indonesia's food security and meet other long-run development goals. H. S. Dillon, director of the Center for Agricultural Policy Studies in Jakarta, has commented that one of the reasons for the slowdown in technological progress in Indonesian agriculture in recent years (especially when compared with other land-constrained Asian states) is "persistent underfunding of the public sector R&D effort" and claims that "a substantial increase in the real expenditures on agricultural R&D is warranted, given the potential economic and social payoffs likely to result from raising smallholder productivity" (Dillon 1999, p. 12) . He is also critical of various features of the Indonesian agricultural research system, including the highly fragmented nature of the agricultural R&D effort, the limited involvement of universities, weak linkages between Indonesia's own R&D effort and those of international R&D providers, disruption of research efforts in the Agency for Agricultural Research and Development (AARD) resulting from a 1995 internal reorganization, and weak intellectual property rights for agricultural technologies.
Recent trends in Ministry of Agriculture (MOA) expenditures for agriculture are shown in Table 4 .6. Between 1994 and 1999, routine and development expenditures by MOA declined from $1.19 billion to $440 million in real terms (constant 1999 international dollars). The precipitous decline in public spending on agriculture was part of overall government austerity measures needed to meet a commitment to the International Monetary Fund (IMF) to reduce deficit spending. MOA's spending on agricultural research fell by about half, in real terms, over this period even though research grew as a share of all agricultural expenditures.
Planning for Increased Agricultural Productivity: Challenges and Constraints
Many of the science and technology issues confronting Indonesia's agricultural sector apply to the economy as a whole, such as the need to establish technology competence to effectively absorb new technology from abroad, and to increase international competitiveness through increased productivity rather than low wages. These issues have featured prominently in Indonesia's science and technology policy (Hill 1995) . Agricultural R&D policy has the additional goals of providing food security, reducing rural poverty, and maintaining the quality of natural resources. While Indonesia substantially increased its science and technology capacity in the 1980s and 1990s, it still remains behind many Asian countries in several important aspects. By the late 1980s, Indonesia's spending for all R&D was less than 0.2 percent of GNP, lower than that of most other countries of Southeast Asia and far below that of industrialized countries such as Japan and Korea (UNESCO 2001). Public spending for education was also low by Asian standards, despite the rapid expansion of the educational system. The enrollment ratio for tertiary education (11.3 percent in 1996), though only half that of Thailand, was in the middle range for developing countries in Asia, as was the share of tertiary students enrolled in science and technology fields (UNESCO 2001) .
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The State Ministry for Research and Technology (RISTEK) has responsibility for coordinating R&D policy in Indonesia but has little control over the allocation of research expenditures. RISTEK operates a number of competitive grant and other programs for funding research, especially for universities. Budgets for government research institutions are allocated either through ministries or directly to nondepartment agencies. The most important nondepartment research institutions include the Agency for Assessment and Application of Technology (BPPT) for industrial technology, the Indonesian Institutes of Sciences (LIPI) for basic sciences, the Central Statistics Agency (BPS), the National Nuclear Energy Agency (BATAN), and the National Institute for Aeronautics and Space (LAPAN). But agriculture remains the highest priority for government-supported research. AARD in the Ministry of Agriculture is the largest government research agency in Indonesia, with more than 3,000 researchers (Table 4 .7). Together with IPARD (estate crops), FORDA (forestry), and the Center for Fisheries, Research and Development (previously part of AARD but transferred to the newly formed Ministry for Marine Resources and Fisheries in 2001), AARD has had by far the largest number of research staff of any government research institution.
The policy direction for agricultural research in Indonesia is articulated in AARD's strategic plans. The 1999-2004 strategic plan describes the main "constraints and challenges" facing the Indonesian agricultural sector. The summary below draws heavily on AARD 1999a (pp. 23-30):
• The industrial and service sectors have not absorbed surplus labor from the agricultural sector to the degree previously anticipated. At the same time, urban migration has occurred as a result of factors such as increased land fragmentation, low agricultural-sector wages, and limited rural employment opportunities. Investments are needed in rural areas to provide employment opportunities. Agricultural development will require increased commercialization of agriculture in the form of agribusiness development and value-adding activities.
• While population growth remains high and rice is still the favored food staple, self-sufficiency is threatened by climatic variability, pest and disease outbreaks, and unstable market forces. Moreover, the land area available for rice has diminished, especially on Java, where land is being converted to industrial development and housing. Rice yields have leveled out. More irrigated land and use of inherently less productive land for rice are needed. At the same time, food production and consumption need to be diversified.
• Land fragmentation will remain a problem until industrialization draws enough small landholders out of agriculture to enable "extensification" of agricultural production. Farming systems research that allows for efficient agricultural production on small landholdings is needed.
• Rural financial institutions have not performed well in providing capital to agriculture. Better incentives are needed for these institutions to mobilize capital for agriculture.
• Future policy must capitalize on the competitive advantage of different agroecological zones. This entails a focus not only on cultivation techniques but also on farming systems, integrated pest management, and reduction in postharvest losses.
• More practical farm-management skills are needed, including decisionmaking tools and bookkeeping methods that normally accompany the transition from subsistence to commercial agriculture.
• Increased environmental awareness is important not only to maintain the resource base but also to allow Indonesia to be competitive in international markets.
Elsewhere in the strategic plan, attention is drawn to water scarcity as a potential impediment to increased agricultural output. One of the challenges will be to develop agricultural technology and plant varieties that are more efficient in water use. Another will be the development of on-farm and multifarm strategies for water management.
Finally, reference must be made to the political situation since the fall of the New Order government in 1998. One outcome of this situation (and, to some extent, the cause) has been a demand for greater democracy and public participation in decisionmaking. Decisions about agricultural R&D activity will need to be increasingly decentralized, in the sense of taking account of farmers' wishes and perceived needs. This shift will entail a greater research emphasis on farming systems and less on commodity production.
Financing and Provision of Agricultural R&D A Brief History of Agricultural Research in Indonesia
Agricultural research in Indonesia dates back to the establishment of tropical botanical gardens by Dutch colonial authorities in the early 1800s. The purposes of these gardens were to collect and study tropical plant species and introduce new export commodities to the colonies. The most prominent was the botanical garden in Bogor, West Java, established in 1817. During the 19th century, the garden accommodated a large number of specialists and made considerable contributions to fundamental studies in tropical botany, but scientists gave scant attention to the practical problems of farming (Oudejans 1999) .
Applied agricultural research was stimulated by plantation owners who demanded solutions to immediate crop management and disease problems. Plantation growers, producing mainly for export, could profit from an expansion of supply and, through their associations, had the means to fund commodity-oriented research. Sugarcane planters were among the first to establish a research station, in East Java in 1887, followed by planters of coffee and cacao in 1901, tea in 1902, tobacco in 1907, and rubber in 1916 . Most of these experiment stations remained relatively small, usually with fewer than 10 senior scientists. An exception was the sugar research station, which, by the 1920s, had a staff of 35 Europeans and more than 200 Indonesians (Oudejans 1999) . Sugar scientists made significant technical advances, such as discovering a method for sexually crossing sugarcane that allowed breeders to develop disease-resistant varieties. These advances led to dramatic increases in sugar yield in the early years of the 20th century (Pray 1991) .
Government-supported agricultural research was given a firmer footing with the establishment of a Department of Agriculture in 1905 under the leadership of Melchior Treub. Treub was a highly regarded Dutch scientist who sought to orga- , the War of Independence , and a steadily deteriorating economy during the 1950s and early 1960s. Many foreign-owned plantations were nationalized during this period. A subsequent sharp decline in plantation production curtailed support for the plantation-supported experiment stations. The decrease in numbers of scientific and technical personnel engaged in agricultural research was not reversed until the late 1960s.
The New Order government of President Suharto, which came to power in 1965-66, set improved macroeconomic policies and established food self-sufficiency as a national priority. Funding for agricultural research was gradually increased. To improve the coordination of agricultural research, a new Agency for Agricultural Research and Development (AARD) was established within the Ministry of Agriculture in 1974. AARD was given overall responsibility for food, forestry, and fisheries research. In 1979, the Indonesian Planters Association for Research and Development (IPARD), a consortium of state-owned and private estates that supports research on estate crops, was brought under AARD's oversight. In 1983, forestry research was spun off from AARD into the newly established Ministry of Forestry, and in 2001 fisheries research was transferred from AARD to the new Ministry of Marine Affairs and Fisheries. AARD continues to have responsibility for crop and livestock research, agricultural economics research, agricultural resources research, and, through IPARD, estate-crops research.
Overview of the Institutional Structure of Agricultural Research
In Indonesia, the central government is the primary source of funds for agricultural research (Fuglie 1999) . The international donor community has played a major role in supporting agricultural research in Indonesia, especially during the 1980s and early 1990s, when Indonesia's capacity in agricultural research was greatly expanded (Pardey, Eveleens, and Abdurachman 2000) . Most government expenditures for agricultural research are directed toward commodities important to smallholders. Research institutes for estate and export commodities are largely funded through contributions by large growers. In-house research by private companies in Indonesia is growing but remains limited (Pray and Fuglie 2002) .
The principal role of universities in agricultural research has been to train the scientific and technical personnel employed in government research institutes and the private sector. University scientists also engage in research activities when special project funding can be obtained. Funding for university research may come from AARD, the Ministry of Research and Technology, international donors, the private sector, or other sources.
International agricultural research centers play an important role in Indonesia's agricultural research system. Indonesia hosts the headquarters of the Center for International Forestry Research (CIFOR) and the Southeast Asia regional offices of the World Agroforestry Centre (formerly ICRAF) and the International Potato Center (CIP). The United Nations Centre for Alleviation of Poverty through Secondary Crops' Development in Asia and the Pacific (CAPSA), and the ASEANfunded Southeast Asia Regional Center for Tropical Biology (BIOTROP) are also located in Indonesia. AARD has cooperative research arrangements with several other international agricultural research centers-including the Asian Vegetable Research and Development Center (AVRDC), the International Maize and Wheat Improvement Center (CIMMYT), the International Livestock Research Institute (ILRI), and International Rice Research Institute (IRRI)-and agricultural research institutes in Japan, Europe, North America, and Australia.
In the 1990s, AARD research institutes and agricultural universities began to explore new ways of self-financing at least part of the costs of agricultural research. Although government policy so far does not allow government agencies to retain funds raised through product sales, AARD established a semi-autonomous foundation in 1999, the Intellectual Property and Technology Transfer Management Office (IPTTMO), to help commercialize AARD innovations. This office has responsibility for patenting and licensing AARD innovations to private firms. IPTTMO has the legal authority to retain earnings from technology licensing. Between 1998 and 2001, IPTTMO had obtained 36 patents on AARD inventions (AARD 2003) , mostly for machinery innovations, animal vaccines, and feed additives.
Intellectual property rights (IPR) for inventions and creative works are relatively new to Indonesia and remain poorly enforced. A national patent law was enacted in 1991 and amended in 1997 and 2001 to bring it into compliance with the World Trade Organization's agreement on Trade-Related Aspects of Intellectual Property (TRIPs). In 1997, Indonesia signed the international Patent Cooperation Treaty. IPR for agricultural innovations were strengthened by the 1997 amendments to the patent law, which eliminated a provision barring plant and animal patents, and by the passage of plant breeders' rights legislation in 2001.
The principal funders and performers of agricultural research in Indonesia are shown in Figure 4 .1. We estimate that total spending for agricultural research in about $18 million of their own research and purchased about $50 million of planting materials and other technology products from estate-crop research institutes. These earnings are used to support research on estate crops. Government institutes were the largest research performers, conducting $229 million worth of research.
Research at agricultural universities is estimated to be $21.5 million. International agricultural research centers performed at least $8.5 million worth of research in Indonesia.
Organizational Changes in Public Agricultural Research
As described above, public agricultural research in Indonesia has undergone several reorganizations since the establishment of AARD in 1974. These reorganizations reflect the growing capacity and widening agenda in agricultural research. Figure  4 .2 shows the organization of agricultural research within government ministries as of 2001. More than 70 percent of agricultural scientists were housed in AARD, with the rest distributed among IPARD, FORDA, and the fisheries institutes. AARD underwent a major internal reorganization in 1995 to decentralize its agricultural research efforts. Some regional substations of the Central Food Crop Research Center (CRIFC) were upgraded and given mandates to lead research on specific commodities. In addition, technology assessment centers were established in each province to link research, extension, and on-farm testing of new technologies. These changes reflected the steadily growing research capacity of the regional substations, increased emphasis on other commodities once rice self-sufficiency was approached in the mid-1980s, and concern that linkages between research and extension were inadequate to move technology into the hands of small farmers quickly. These provincial-level assessment institutes for agricultural technology may eventually be transferred to provincial government control as part of the trend toward decentralization of Indonesian government services.
Research linkages between AARD and both the universities and the private sector have recently been strengthened with the support of loans from the World Bank and the Asian Development Bank (ADB). The ARMP-II (World Bank) and PAATP (ADB) projects set aside special funds for collaborative research projects between AARD scientists and universities, international centers, and private companies. Foreign and private partners are required to provide matching funds. Through these projects, AARD raised 684 million rupiah and IPARD 845 million rupiah in matching contributions from private companies in 2001 (AARD 2001) .
Since the 1980s the government of Indonesia has made a concerted effort to expand national capacity in biotechnology research. In 1988, the government designated three institutions as "centers of excellence" for biotechnology research: the University of Indonesia in Jakarta for medical applications, the Agency for the (Fagi and Herman 1998) . Falconi (1999) reported that in 1997 AARD spent US$6.0 million (18.7 million in international dollars) on agricultural biotechnology research. Falconi estimated that about 85 percent of agricultural biotechnology research was done by government research institutes, 11 percent at universities, and 4 percent in the private sector. Food crops received the greatest share of these resources.
MINISTRY OF AGRICULTURE
Several applications of biotechnology to agriculture have been under development, including cell and tissue culture for plant propagation, marker-selected breeding, the use of monoclonal antibodies for disease diagnosis, and the development of genetically modified crops (Moeljopawiro 1999) . In 1997, the Ministry of Agriculture issued biosafety regulations for field-testing genetically modified organisms. In 2001, several hundred hectares of a Bacillus thuringiensis cotton variety developed by Monsanto were grown in Indonesia, the first genetically modified organism approved for commercial use in the country.
Funding and Staffing of Public Agricultural Research
Over the past three decades, Indonesia has significantly boosted its capacity in agricultural research. 
Setting Priorities for Agricultural Research
The selection of agricultural research projects for the allocation of development funds at AARD institutes involves a series of screening steps that start with the individual scientist and move up the AARD hierarchy to the AARD Secretariat. For example, a proposal on rice breeding would first be cleared by the Rice Research Institute at Sukamandi, West Java, then forwarded to the Central Research Institute for Food Crops in Bogor and finally to the AARD Secretariat in Jakarta.
Evaluations at each step are mostly internal, although since 1999 AARD has also used external reviewers from universities and other government science institutes. The principal criterion used by AARD is quality of research. Proposals approved by the AARD Secretariat are forwarded to the National Planning Agency (BAPPENAS), where they are evaluated for their contribution to economic development goals and their potential economic value. However, formal benefit-cost analysis is generally not used. Valuation is based largely on the importance of the commodity to Indonesia's agriculture. Consideration is given to economic value, food security, poverty, and the geographic focus of the research.
Agricultural research in Indonesia has received substantial financial support through loan projects from the World Bank and Asian Development Bank. These loans typically require the government to provide matching funds from current revenues. The Ministry of Finance has a role in evaluating and approving all government loan projects. In addition, the Ministry of Finance evaluates research project budgets against standard cost guidelines for land, labor, travel, materials, and so on.
Since the national elections in 1999, the Indonesian House of Representatives (DPR) has become active in establishing government policies and budget priorities. Cabinet ministers and directors of government agencies must increasingly provide justification for their budgets and programs to legislators. This trend has added a new dynamic in mobilizing domestic support for agricultural research.
Sources of Funds for Agricultural Research
Financial support for public research in Indonesia comes from a number of sources, including the central government budget, special assessments on commodity groups, foreign assistance, and funds raised by the research stations themselves through product sales, technology licenses, and contract research. In times of financial austerity, the government's development budgets may be sharply reduced, while routine budgets remain largely unaffected. Development budgets for agricultural research have been relatively unstable: between 1986-90 and 1998-2000 the agricultural research development budget was cut by more than 60 percent in real terms from the years immediately preceding (Table 4 .9). Foreign loans and grants played a major role in stabilizing research funds during these periods. In the late 1980s, the U.S. government provided significant grant assistance for AARD. In the late 1990s and early 2000s, the World Bank and the Asian Development Bank provided large loans for agricultural research. The loan programs have been particularly crucial for supporting the strengthening of the provincial assessment institutes for agricultural technology.
The main sources of funds for agricultural research differ significantly among commodities. Government revenues supplemented with foreign loans and grants make up the bulk of AARD's budget for crops and livestock. For forestry research, government revenues provide about one-third of the annual budget; most of the remainder comes from the forestry sector through a special assessment on forest concessions.
Research on estate crops is mainly financed by the plantation sector itself. IPARD's semi-autonomous status allows estate-crop research institutes to keep revenues from product sales. Further, members of IPARD contribute funds for research on estate crops. 5 These two sources fund about 95 percent of plantation research in Indonesia. Government contributions account for only about 5 percent. In part because of the different mechanisms for financing agricultural research and the special status of IPARD, 6 scientists working at the plantation-crop research institutes are significantly better funded than researchers at AARD. In 1996, research expenditures per scientist at IPARD institutes were about four times higher than at AARD institutes.
Research at universities is funded mainly from government sources, including competitive grant programs. In 1998-99, Bogor Agricultural University (IPB) raised over 10 billion rupiah to support research projects. About 80 percent of this was from government research funds, 16 percent from the private sector, and the remainder from foreign sources (IPB 2000) . 7 A small but growing share of agricultural research in Indonesia is conducted by private companies (Table 4 .10). Such research is estimated to have increased from $6.6 million to $18.2 million between 1985 and 1996 (in constant 1999 international dollars). Privately owned rubber and oil palm plantations conduct some inhouse research outside the IPARD system; they spent about $6 million for research in 1996. Private seed companies began breeding activities in Indonesia in the late 90 FUGLIE AND PIGGOTT 1980s, mainly in hybrid corn and vegetables, but annual research expenditures were only $2.1 million by the mid-1990s. Chemical companies conduct crop-protection research for screening and registering new pesticides. At least one multinational chemical company operated a research station in Indonesia for screening new chemical compounds under tropical conditions. Research on animal production was conducted mainly by large integrated poultry producers. As a share of total agricultural research conducted in Indonesia, private research increased from 3.1 percent to 7.0 percent between 1985 and 1996. Thus, private research, while still relatively small-scale, grew more rapidly than public research. Private research also grew relative to the size of the Indonesian agricultural sector.
Allocation of Agricultural Research Funds
Detailed information on the allocation of scientific resources for agriculture in Indonesia is presented in Table 4 .11. Commodity institutes generally have about twice as many M.Sc.s as Ph.D. holders. However, the institutes that focus on biotechnology (one for food crops and one for estate crops) employ more Ph.D.s The provincial assessment institutes for agricultural technology (AIATs) have a relatively large number of staff with only bachelor's degrees, many of whom work in extension training. Most of the growth in AARD research staff since 1995 has occurred in the AIATs. We used the allocation of scientists among commodity-oriented institutes to develop some parity ratios for research resource allocation in Indonesia. We define the parity ratio as the number of scientist years (SY) per billion international dollars of value-added production for a commodity group. Parity ratios provide a rough first approximation for assessing the allocation of research resources among 92 FUGLIE AND PIGGOTT commodities. It should be kept in mind that equal parity among commodities may not be economically or socially optimal (Ruttan 1982) . For all agriculture research, there was an average of 19 SY per billion dollars in value-added in the agricultural sector. The parity ratio for research on nonfood crops (estate and industrial crops) was double the average, at 40 SY per billion dollars in value added. Research on food crops, livestock, and horticulture received the least attention, with only 10-15 SY per billion dollars in value added. Also, funding per scientist at IPARD institutes (estate crops) is substantially higher than funding per scientist at AARD institutes, further widening the gap in parity among commodity groups. The disparity in parity ratios between research on estate crops versus other crop and livestock commodities reflects both the longer history of estate-crop research in Indonesia and the ability of these institutes to finance research through commodity sales and producer contributions.
Accountability and Impact of Agricultural Research
The investment in agricultural R&D has brought significant benefits to the Indonesian economy. One indicator of its effectiveness is the release and dissemination of new crop varieties. Between 1969 and 2003, at least 668 new crop varieties were released in Indonesia (Table 4 .13). About one-quarter of the new releases were highyielding rice varieties. Improved rice varieties had been disseminated to nearly two-thirds of rice-growing areas by 1991 (mostly to wetland rice areas). New varieties of soybean and maize were also widely disseminated in the 1980s. Another indicator of the benefits from research is the increased rate of growth in total factor 94 FUGLIE AND PIGGOTT productivity in crop and livestock agriculture during the 1970s and 1980s (Fuglie 2004) . Measurement of the economic value of research outcomes has so far not entered into the formal evaluation of agricultural research in Indonesia. Only a few studies have been carried out on the economic impact of agricultural research. Salmon (1991) estimated that rice research expenditures between 1965 and 1977 achieved an annual internal rate of return of 151 percent. Evenson et al. (1997) estimated rates of return to research for eight food crops , six vegetable crops , and six fruit crops . They found a significant correlation between the level of research investments and the rate of productivity growth for most of these commodities. Estimated rates of return to research exceed 100 percent for wetland rice, dryland rice, maize, soybeans, sweet potatoes, all six vegetable crops, and three out of the six fruit crops included in the study. Only research on cassava and mangoes showed no impact. The high rates of return to research reflected the very low level of research investment relative to commodity value. Thus, any positive statistical association found between research and productivity would necessarily result in a high marginal rate of return to research (Evenson et al. 1997) .
One limitation of the returns-to-research studies is that they probably did not fully account for the contributions of research conducted outside the country. Indonesian agriculture has been able to benefit significantly from technologies developed elsewhere and introduced through public and private channels. Indonesia's growing capacity to conduct agricultural research has undoubtedly enhanced its ability to acquire and disseminate new technologies developed elsewhere. But in some cases introduced technologies required little government-supported research. Several of the first releases of new rice varieties, for example, were varieties developed by IRRI in the Philippines. In 1991, one major IRRI variety (IR36) occupied about one-third of the wetland rice growing area in Indonesia (AARD 1992a). Pray and Fuglie (2002) identified several areas where the private sector played a major role in transferring technologies to Indonesia, including new clones of oil palm and rubber from Malaysia, hybrid vegetable and hybrid maize varieties, and hybrid poultry and integrated poultry production systems. The private sector also played a major role in the rapid expansion of coastal shrimp farming in the early 1990s, based on technology developed in Taiwan (World Bank et al. 2002) .
The return-to-research studies have been influential in strengthening financial support for agricultural research within the Indonesian bureaucracy and the foreignaid community. In the late 1990s, the Asian Development Bank and the World Bank financed several loans to expand and strengthen Indonesian agricultural research. The evidence on previous rates of return to research were cited in the loan proposals and helped convince bank officials that agricultural research was likely to be a high-payoff investment for Indonesia.
Concluding Observations
Indonesia represents a case where agricultural R&D expanded rapidly from almost nil in the last 30 years of the 20th century, but where R&D investment still remains low relative to the size of the country's agriculture. The initial focus on increasing the production of rice in order to enhance national food security was highly successful, but this effort apparently stalled by the 1990s. A major goal of the current R&D effort is to diversify growth to other commodities and farming systems. To that end, the agricultural R&D system has greatly increased the number of commodities, problem areas, and geographical locations in which it conducts research. However, the expansion of the scope of the system in the face of chronic underfunding has resulted in fragmentation and lack of continuity in many agricultural research endeavors. The Indonesian agricultural research system actually has several distinct components, each with different modes of financing and operations. The largest component of the system is AARD, which is financed primarily from general government revenues and foreign aid. Foreign assistance has been critical in counterbalancing the instability in the government development budget for agricultural research. AARD is attempting to diversify its sources of financing to include revenue from technology licensing and other product sales. But, given weak enforcement of intellectual property rights and restrictive government regulations on the use of revenues earned by public institutions, technology sales are unlikely to become a significant source of funds for AARD in the near term.
A second component of the system is IPARD, which has responsibility for estate crops. Although IPARD is nominally under AARD's wing, it functions largely autonomously and is almost entirely self-financed. IPARD has been more successful than AARD in mobilizing financial support for research, and research intensity for estate crops is considerably higher than for food crops and livestock. An important issue facing IPARD is how it addresses the needs of small producers of estate crops. The productivity of smallholders is far below that of the large estates (AARD 1992a). IPARD's willingness and ability to develop effective delivery systems for small farms will have a major impact on productivity growth in estatecrop production in Indonesia.
Forestry and fisheries research, once part of AARD, now constitute separate components of the system, falling under the jurisdiction of separate ministries.
FUGLIE AND PIGGOTT
Forestry research receives about two-thirds of its funding from the forestry sector itself and appears to be relatively well funded. Since fisheries research was separated from AARD in 2001, it has remained relatively small and reliant on government revenue for most of its funding. It is too early to judge how its new status will affect its financing, policies, and impact. The other components of the agricultural R&D system in Indonesia include the agricultural universities, the private sector, and the international agricultural research centers. Universities have significant intellectual capacity for research but rely primarily on winning competitive grants and other projects from the Ministry for Research and Technology and other government sources. Private-sector research is still relatively small-scale and focused on a few commodities such as estate crops, hybrid crops, poultry, and pesticide utilization. AARD has had relatively good linkages with international agricultural research centers, especially IRRI's rice breeding program. In the 1980s two international centers with mandates for natural resources research (CIFOR and ICRAF) established a significant presence in Indonesia. Linkages among AARD, universities, and private companies were strengthened through special funds established as part of loans projects from the World Bank and ADB. But it is too early to evaluate the effectiveness (and sustainability) of these initiatives.
The Indonesian government has made a concerted effort to build capacity in agricultural biotechnology research. Its strategy has been to concentrate this capacity in a limited number of research institutes. At the same time, its biotechnology resources have been allocated across a large number of commodities and technologies. It has also established a regulatory system for field testing and approving genetically modified organisms for commercial use. By 2001 a few hundred hectares of genetically modified cotton developed by the private sector were grown commercially in Sulawesi.
Like much of the Indonesian central government, the agricultural research system faces a major challenge in adjusting to the new political climate brought about by the political and economic crises that have engulfed the country since 1997 and led to the change of government in 1998. One consequence of the crises was that public investment in agriculture, including agricultural research, fell significantly in real terms. To maintain and enhance its viability and impact, the agricultural research system will need to increase its base of support in the national parliament and among civil society at large. AARD responded early to the need for greater decentralization of government services by establishing agricultural research and extension training centers in each province. Most of the growth in AARD staff since 1995 has been in the provincial centers. A major question facing these centers is whether provincial governments will be willing and able to assume a larger role in supporting them financially. The agricultural research system will need to find new and creative means to increase its financial base and stability.
Notes

